Abstract Methyl jasmonate (MeJA) is a naturally occurring plant growth regulator and play vital roles in plant defense and many developmental processes such as root growth and seed germination. This study was undertaken to study the possible role of using methyl jasmonate to alleviate the adverse effect of water stress on soybean genotypes (Giza 22 and 35). The results showed that water stress reduced shoot length, fresh and dry weights of shoot and root, photosynthetic pigments, relative water content and oil content in the shoots of all soybean genotypes. On the other hand, there was a considerable increase in cell wall fractionation, saturated and unsaturated fatty acids, flavonoids, phenolic acid and sugar fraction content in the shoots of the soybean genotypes in response to the water stress. Foliar spray with methyl jasmonate increased all the above parameters as compared to stressed plants. The results investigate the important role of MeJA in alleviation of water stress in soybean plants and suggest that MeJA could be used for improving plant growth under water stress as a potential growth regulator. The soybean genotypes Giza 22 was found to be more resistant to water stress than Giza 35.
Introduction
Water stress is one of the most important environmental factors causing reduction in plant growth and photosynthesis (Abass and Mohamed 2011) . It is one of the major causes of crop loss in the world and has the ability to decrease 50% of yield for the most major crop plants (Wang et al. 2003) . Plants can acclimate to water stress through various physiological and biochemical changes (Mohamed and Akladious 2014) .
Plants can tolerate water stress by maintaining adequate cell turgor by minimizing metabolic disruptions. There are two ways that contribute to tolerance are, (1) changes in tissue flexibility and (2) osmotic adjustment involving carbohydrates, inorganic ions and compatible solutes (Munns and Tester 2008) .
Osmotic adjustment includes the accumulation of compatible solutes in a cell, this accumulation caused the lowered in the osmotic potential of the cell, which in turn attracts water into the cell and tends to maintain turgor pressure. In addition, the accumulation of sugar alcohols is considered an important approach to increasing crop drought resistance by genetic engineering (Bohnert et al. 1995) .
Methyl jasmonate (MeJA) is considered as natural plant growth regulators (Walia et al. 2007 ). The jasmonates are derived from the metabolism of membrane fatty acids (Avanci et al. 2010 ). The MeJA is synthesized through the octadecanoic pathway that represents a series of metabolic steps following the oxidation of linolenic acid (Ketabchi and Shahrtash 2011) . MeJA application may cause enhancement in the resistance of plants against abiotic stresses (Karami et al. 2013) . Also, MeJA has a strong influence on regulation of secondary metabolism by stimulating the accumulation of alkaloids, flavonoids, phenols and coumarins (Yan et al. 2013) .
Soybean is considered one of the main leguminous crops in the world because of its importance in human nutrition as good source for protein and oil (Maltas et al. 2011 ). This crop was introduced and newly cultivated in Egypt as a summer crop. It is valuable as a source of protein. Soybean seed protein ranges from 34 to 57% of total seed weight and oil content ranges from 8.3 to 28% (Wilson 2004) .
The aim of the present study was to check the interactive effect of methyl jasmonate and water stress on growth, photosynthesis, total oils, fatty acid composition, relative water content, cell wall fractionation, sugar fraction, phenolic acid and flavonoid compounds of the shoots of the two soybean genotypes in increasing resistance to water stress.
Materials and methods

Plant material and growth conditions
A pot experiment was conducted in a wire house at the Faculty of Education, Ain Shams University, Egypt from 5 June to 30 July 2014. During this period, day time temperatures ranged from 30.58 to 35.5°C with an average of 33.58 ± 2.0°C. Night temperatures ranged from 18.98 to 25.5°C with an average of 23.18 ± 1.4°C. Soybean seeds (Glycine max L. Giza 22 and Giza 35) were obtained from the Agricultural Research Center, Ministry of Agriculture, Egypt. Healthy seeds were selected and were washed in distilled water and sterilized in 1% (v/v) sodium hypochlorite for approx. 2 min, then washed again in distilled water and left to dry at room temperature (25°C) for approx. 1 h. Ten, uniform, air-dried soybean seeds were sown in pots 35 cm diameter and 40 cm depth containing about 7.0 kg of clay soil. Soil characteristics were: sandy loam in texture, sand 82.2%, silt 13.9%, clay 3.9%, pH 7.1, EC 0.4 dSm -1 and organic matter 1.2%. Rhizobial inoculants were applied as peat slurry containing 10 7 Rhizobium/ g. Seven seeds were sown per pot and were thinned to four after 2 weeks from planting. Five pots for each treatment were used as replicates. Soybean plants were grown with normal water supply until 25th day from sowing, and then were divided into four sets: (1) set at 80% maximum hold capacity (well-watered) receiving distilled water, (2) set at 80% maximum hold capacity and foliar sprayed with 20 lM MeJA (3) set at 40% of maximum hold capacity (drought) (4) set at 40% of maximum hold capacity and after 35 days from sowing the plants were sprayed every 4 days two times with MeJA (20 lM).
The soil water-holding capacity was measured by saturating the soil in each pot with water and weighing it after it had drained for 48 h. Soil water contents were maintained at approx. 80% (w/v) of the soil water-holding capacity.
Plant sampling
After 55 days from sowing, ten plants were randomly chosen from each treatment and the following parameters were studied: shoot and root length (cm), fresh and dry weights of shoots and roots and leaf relative water content.
Determination of leaf relative water content
The fresh leaf from each treatment were weighed (FW) and immediately immersed on double-distilled water in Petri dishes for 24 h, in the dark, to saturate them with water. Any adhering water was blotted-off and the turgid weight (TW) was measured. The DW was recorded after dehydrating the leaves to constant weight at 70°C. RWC values were then calculated using the formula (Hayat et al. 2007 ).
Biochemical analyses
Determination of photosynthetic pigments
Chlorophyll a, Chlorophyll b, and carotenoids were determined in soybean leaves by using the spectrophotometric method as described by Vernon and Seely (1966) was used. The pigment contents were calculated as mg g -1 fresh weight of leaves.
Determination of cell wall fraction
Cell wall fraction was conducted according to Dever et al. (1968) and Galbraith and Shields (1981) . Dry shoots were extracted twice in distilled water, twice in 80% ethanol to remove soluble metabolites. The residue was then extracted in 17.5% NaOH for hemicellulose and in 72% H 2 SO 4 (with 15 min autoclaving) for cellulose extraction. After that, the remaining residue was ascribed to the lignin fraction.
Determination of peroxidase (POD, EC 1.11.1.7)
Two hundred mg of the shoots fresh tissues were homogenized in 10 mL of 0.1 M potassium phosphate buffer, pH 6.8, containing 0.1 mM EDTA. The homogenate was centrifuged at 12,000 g for 20 min and the supernatant was used as source of crude enzyme. All steps to obtain enzyme preparation were carried out at 4°C. The activity of peroxidases was determined according to Kar and Mishra (1976) .
Determination of phenolic and flavonoids compounds using HPLC
The phenolic acid and flavonoid compounds of the shoots of soybean plants were extracted according to the method described by Goupy et al. (1999) and Mattila et al. (2000) respectively. The supernatant was collected in a vial for injection into a HPLC instrument (Hewlett packed, series 1050) composed of a C18 hypersil BDS column with a particle size 5 lm. Separation was carried out with methanol and acetonitrile as the mobile phase, using a flow rate of 1 mL min -1 . Quantification was carried out using a calibration with phenolic acid and flavonoid as standards.
Determination of total oils and fatty acid composition
Oil content was determined according to the methods of AOAC (2000) . Fatty acids determination of soybean oil was extracted by hexane and were analyzed by Agilent HP 6890 capillary gas chromatography and reported in relative area percentages. The methyl esters of fatty acids were prepared according to the method of Glass (1971) . The fatty acid methyl esters were identified using a gas chromatograph equipped with dual flame ionization detector was used. The fatty acid methyl esters were identified by comparison their retention times with known fatty acid standard mixture. Peak areas were automatically computed by an integrator. The fatty acid composition was expressed as percentage of total fatty acids.
Determination of sugar fraction
Soluble sugars were extracted according to the method described by Bartolozzi et al. (1997) . Briefly, the soluble sugars from dry shoots of soybean were extracted twice in 80% ethanol at 70°C. Extracts were dried and converted into trimethylsilyl ethers with a silylation mixture made up of pyridine, hexamethyldisilazane and trimethylchlorosilane. Soluble sugars were analysed using a gas chromatograph mass spectrometer (Hewlett-Packard 5890 series II, Calif). Derivatives of standard monosaccharides and sugar alcohols (ribose, xylose, glucose, mannose, galactose, fructose, mannitol, sorbitol and galacturonic acid) were injected into the GC to ensure the retention time of each sugar.
Statistical analysis
All data were subjected to the analysis of variance (ANOVA) for a completely randomized design, after testing the homogeneity of error variances according to the procedure outlined by Gomez and Gomez (1984) . Statistically significant differences between means were compared at P B 0.05 using Fisher's Least Significant Difference (LSD) test.
Results and discussion
Effect of water stress and MeJA on growth parameters Data in Table 1 showed that shoot length, fresh and dry weights of shoots were significantly decreased in stressed plants as compared to well watered plants in all soybean genotypes. The maximum decrease was observed in Giza 35 than Giza 22. These results are in agreement with those obtained by Mohamed and Akladious (2014) who found that drought stress caused significantly decreased in growth parameters of the two genotypes of soybean plants (Giza 22 and 111) and the genotype Giza 22 was found to be more resistant to drought stress than Giza 111.
Water stress causes losses in water content in tissues and decreased turgor pressure in cell, thereby inhibiting cell division and enlargement causing a reduction in plant growth and dry weight (Delfine et al. 2002) .
Results also showed that root length, fresh and dry weights of roots was significantly increased in all soybean genotypes under water stress. The increase was much pronounced in soybean genotypes Giza 22 than Giza 35. These results are in accordance with Jaleel et al. (2008) who found that root growth of Catharanthus roseus was increased due to water stress. Moreover, the roots send a signal to the shoots via xylem and to leaves via the xylem vessels through the transpiration stream causing physiological changes and stomatal closure under water stress conditions which help in the adaptation to limited water supply in the field (Anjum et al. 2011) .
The results showed that the genotype (Giza 22) was differ in their response to water stress than the other genotype (Giza 35) and a rapid recovery from wilting was observed. These observations are in agreement with those of Shimshi et al. (1982) who found that the resistant plants have morphological and metabolic properties that helped them to maintain a high degree of tissue hydration under drought stress.
Foliar spray with MeJA alone or in combination with stressed plants was significantly increased all growth parameters as compared with stressed plants. This result was in harmony with the findings by Abdelgawad et al. (2014) who found that all growth parameters of maize plants increased under water stress after pre-soaking grains with 50 lM MeJA. Moreover, the cell division may Physiol Mol Biol Plants (July-September 2017) 23(3): 545-556 547 increase and the permeability of plasma membrane may alter after treatment with Jasmonic acid (Kaur et al. 2013 ).
Effect of water stress and MeJA on relative water contents (RWC)
The progressive drought stress caused subsequent reduction in leaf RWC of soybean genotypes as compared to well watered plants (Table 1 ). The RWC of leaf was significantly decreased in the two soybean genotypes. The most reduction was reported in Giza 35. This decrease in RWC may be due to the lower availability of water under stress conditions (Shalhevet 1993 ), or to a root system that was not able to compensate the water loss via transpiration through a reduction in its water absorbing surface (Gadallah 2000) . RWC has been reported as an important indicator of water stress in leaves which is directly related to soil water content (Katerji et al. 1997) . Exogenous application of MeJA alone or in combination with stressed plants caused significantly increased in RWC of soybean genotypes (Giza 35 and Giza 22) as compared to stressed plants. These results are in agreement with the results of Pazirandeh et al. (2015) who showed that MeJA application improved the barley performance under drought by modulating the tissue water contents.
Effect of water stress and MeJA on photosynthetic pigments
Water stress caused significant decrease in Chl a, Chl b, carotenoid and total photosynthetic pigments as compared with well watered plants in all soybean genotypes (Table 2) . These results are in harmony with those obtained by Abass and Mohamed (2011) who reported the increase in the level of drought stress caused reduction in the photosynthetic pigments content in leaves of common bean plants. Carotenoids are responsible for scavenging of singlet oxygen (Knox and Dodge 1985) and the decrease in carotenoid under water stress might also have contributed to the increased ROS, which further oxidized the photosynthetic pigments.
Water stress caused reduction in the chlorophyll may be due to one or more of the following reasons: (1) the chlorophyll degradation by the formation of chlorophyllase enzymes, (Sabater and Rodriguez 1978) , (2) damaging to the photosynthetic apparatus (Yasseen et al. 1987) , (3) the suppression of the enzymes that are responsible for the synthesis of photosynthetic pigments (Murkute et al. 2006) , (4) reduction of chloroplast stoma volume and regeneration of reactive oxygen species (Allen 1995) , (5) the reduction in the uptake of Mg mineral which needed in the chlorophyll biosynthesis (Sheng et al. 2008 ), (6) or membrane deterioration (Ashraf and Harris 2013).
In addition, foliar spray with MeJA alone or in combination with stressed plants caused significant increases in photosynthetic pigments as compared to stressed plants in all soybean genotype. These results are in accordance with Asma and Lingakumar (2015) who found that jasmonic acid has been shown to stimulate the accumulation of plant pigment. Additionally, enhancement in the chlorophyll pigments synthesis may be due to treatment with jasmonic acid that resulted in an increase of active cytokinin concentration (Kovac and Ravnikar 1994) .
Effect of water stress and MeJA on cell wall composition and peroxidase activity Data in Table 3 showed that the lignin, cellulose content and peroxidase activity in shoots of the two soybean genotypes increased significantly under water stress. The increment was more pronounced in Giza 22 than Giza 83. The secondary cell wall can be strengthened by the Mean values (n = 10) in the same column for each trait followed by a different lower-case letter are significantly different according to Fisher's Least Significant Difference (LSD) test at P B 0.05 incorporation of lignin. Lignification is a complex process include participation between different phenolic compounds and enzymes (Wang et al. 2013) . It helps the plants to avoid cell wall damage when exposed to a long water stress conditions (Moura et al. 2010) . Also, water stess enhanced the activation of guaiacol peroxidase and peroxidase in white clover leaf which was correlated with an increase in lignin content (Lee et al. 2007 ).
In addition, under water stress, the cellulose synthesis increased and the cell wall integrity and cell turgor pressure are maintained, thus allowing continuous cell growth (Ricardi et al. 2014 ). Moreover, POD activity increased in Camptotheca acuminata in response to drought stress (Ying et al. 2015) .
The results also showed that lignin, cellulose and peroxidase contents were significantly increased in all soybean genotypes treated with MeJA alone or in combination with stressed plants as compared to stressed plants. Additionally, previous research reported that cell wall composition and lignin production changed after treatment with MeJA during different biotic and abiotic stresses (Denness et al. 2011 ). In addition, MeJA application caused the changes in the cell wall strengthening of eggplant roots due to lignin deposition and induction of several defense enzymes such as CAT, PPO, POD and PAL (Mandal 2010 ). In addition, Abdelgawad et al. (2014) found that the antioxidant defense activity in plants increased after treatment with MeJA and helps the plants to remove the toxic effects of free radicals and become more resistant to water stress.
Effect of water stress and MeJA on oil content and fatty acid composition
Plants can adapt to water stress by the alteration of fatty acid composition in membrane lipids (Yordanov et al. 2000) . In the present study, soybean genotypes showed differences in the concentration of oil and fatty acids composition and these differences were bigger under water stress conditions (Table 4) . Oil content was significantly decreased in stressed plants as compared to well watered plants. Similar results by Al-Palsan et al. (2001) showed that water stress reduced oil percentage of sesame crops.
Oleic, linoleic and linolenic acids were significantly increased under water stress in all soybean genotypes. Palmitic and stearic acids (saturated fatty acids) were the least sensitive to water stress. In addition, palmitic acid was significantly increased but stearic acid was significantly decreased in all soybean genotypes under water stress. Mean values (n = 3) in the same column for each trait followed by a different lower-case letter are significantly different according to Fisher's Least Significant Difference (LSD) test at P B 0.05 Mean values (n = 3) in the same column for each trait followed by a different lower-case letter are significantly different according to Fisher's Least Significant Difference (LSD) test at P B 0.05 Physiol Mol Biol Plants (July-September 2017) 23(3):545-556 549
These results are similar to Petcu et al. (2001) who found that drought stress caused stimulation in the palmitic acid concentration in sunflower seeds while stearic acid concentration decreased under the same conditions. Laribi et al. (2009) also suggested that palmitic acid content increased under water stress. The increase in oleic acid may be due to an enzyme D-12 desaturase, which catalyses the second desaturation of oleic acid in linoleic acid (Stymne and Appelqvist 1978) . Eicosapentaenoic acid (C20:5) and Arachidi acid (C20:0) significantly increased in soybean plants under water stress. Similar results reported by Zhong et al. (2011) who found that drought stress caused significant increase in Eicosapentaenoic and Arachidic acid in bermudagrass. It could reflect an adaptive response to drought stress in bermudagrass, which may reduce water loss from the leaf surface and protect leaves from desiccation. The Arachidi acid is a component of the long-chain fatty acid complex in the epicuticular wax present on the leaf surface (Rhee et al. 1998) . Epicuticular wax accumulation on leaves has been associated with reduction in transpiration and improved drought tolerance (González and Ayerbe 2010) .
Polyunsaturation of fatty acids has proven to be correlated to adaptation when plants are challenged in responses to biotic and a biotic stresses (Goldhaber-Pasillas et al. 2014) . Several investigators such as Bellaloui et al. (2013) and Gao et al. (2009) found that the increase of unsaturated fatty acids (oleic, linoleic and linolenic acid) concentrations may be due to water stress altering the rate of oil and fatty acids accumulation by affecting fatty acid desaturases enzymes. It can thus be concluded that drought stress decreases total oil altering fatty acid composition.
The treatment with MeJA caused significant increase in unsaturated fatty acids in all soybean genotypes especially C18:3 (linolenic acid) as compared with well watered plants. These results are similar to the results obtained by Czapski et al. (1992) who found that the content of linolenic acid in tomato plants increased after treatment with MeJA. The differences in oil and fatty acids could be due to genotype/cultivar differences (Maestri et al. 1998) , and/ or irrigation management (Bellaloui et al. 2012 ).
Effect of water stress and MeJA on flavonoid fractions
Results showed that all treatments significantly increased the total flavonoids content in all soybean genotypes under water stress (Table 5 ). The maximum amount of total flavonoid was detected in Giza 35 which is considered susceptible genotype under water stress alone or in combination with MeJA. This result confirms the findings by Caldwell et al. (2005) who showed that the level of isoflavones increases in soybean seeds under drought stress. This suggests that an abiotic stress may increased flavonoid compound biosynthesis under the oxidative stress. The flavonoids are generated by the formation of reactive oxygen species (ROS) under the environmental stress (Navarro et al. 2006) . Water stress and MeJA application caused stimulation of rutin and qurecetin acids in all soybean genotypes. These results are similar to Bâatour et al. (2012) who showed that salt stress caused the accumulation of flavonoids content and the improvement of quercetin biosynthesis. The accumulation of flavonoids helps in the plant's defense mechanisms (Dixon and Paiva 1995) . In addition, Salem et al. (2014) found that drought caused enhancement in the biosynthesis of a new flavonoid; rutin trihydrate in two Carthamus tinctorius varieties.
The tolerant genotypes (Giza 22) have lower amount of flavonoid and smaller amounts of free radicals so that they produced small amount of antioxidant compounds than the susceptible one (Giza 35). The less production of flavonoids as well as total antioxidants by soybean genotypes may be due to higher repair mechanism of free radical damage, which is a well studied feature of drought tolerant genotype (Kumar et al. 2011 ).
There was a significant increase in total flavonoids at all genotypes treated with MeJA in combination with water stress as compared to water stressed plants. This result indicated that total flavonoids may be modulated and controlled by the MeJA.
Effect of water stress and MeJA on phenolic fraction Data in Table 6 showed that there were significant differences in total phenolic compounds among all treatments. All genotypes under water stress and treated with MeJA showed significant increase in phenolic compounds. The maximum amount of phenolic compounds were obtained in Giza 35 under water stress and MeJA treatment. The increase of phenolic acids content may be linked to the lignifications of cell walls and the synthesis of certain amino acids which regulate the osmotic adjustment in cell (Ayaz et al. 1999 ). Many authors demonstrated that the production of phenols in plant tissues rises under a biotic stress conditions (Weidner et al. 2009 ). Phenolic compounds play an important role in scavenging free radicals and protect plants against the damaging effects of increased ROS levels due to water stress (Petridis et al. 2012) . Data showed that under water stress and MeJA treatment, ferulic acid and vanillic acid increased in all soybean genotypes as compared to well watered plants. These results are similar to Hura et al. (2009) who found that in the resistant genotype of spring triticale (CHD 247) signficant increase in the ferulic acid content and total phenolic compounds content under weak hydration of leaf tissues which could be an indicator of the resistance to drought stress. Also, the appearance of ferulic acid under water stress could be correlated to the strengthening of the plant wall, the decrease of cell wall plasticity and to cell elongation (Wakabayashi et al. 1997) . Gumerova et al. (2015) showed an increase in free ferulic acid in MeJA treated cells of buckwheat on the 4th day of cultivation as compared with control cultures.
Syringic acid was accumulated in soybean plants under water stress especially (Giza 22). Similar results reported by Sampietro et al. (2006) indicated that syringic promoted cell division. In addition, benzoic acid was significantly increased under water stress in all soybean genotype especially the susceptible genotypes (Giza 35). Similar results were obtained by Blum et al. (1999) who found that benzoic acid inhibit plant growth by affecting many physiological processes such as ion uptake and enhanced the accumulation of ABA.
Previous reports by Kim et al. (2007) reported an increase in phenolic compounds under MeJA treatments. The increased production of phenolic compounds may be part of the plant defense response system. In addition, salicylic acid was increased significantly in all soybean genotypes under water stress and treatment with MeJA as compared with well watered plants. Salicylic acid plays an 
Effect of water stress and MeJA on Sugar fraction
The effect of MeJA on the total soluble sugar of soybean genotypes under water stress was shown in Table 7 . The results reported that water stress caused increase in the total soluble sugars as compared to well watered plants.
Carbohydrates play a very important role in the response to water stress. They can regulate the osmotic adjustment, or act as metabolic signaling molecules to activate some specific transduction pathways (Hirabayashi 1996) .The most important soluble carbohydrates in soybean plants are glucose, sucrose, sorbitol and mannitol. The concentrations of these sugars varied under water stress.
Glucose and mannitol are the carbohydrates that caused the lowering of osmotic potential in soybean plants (Table 7) . Mannitol especially maintains high concentrations in the more stressed treatments and also in plants after foliar spray with MeJA. Sugar alcohols such as mannitol, sorbitol, glucose etc., play an important role during osmotic adjustment because they accumulate during drought without disrupting metabolism (Yancey et al. 1982) . Similar results obtained by Boussadia et al. (2013) who found that drought stress increased the sucrose fraction in olive cultivar (Meski) and the mannitol fraction in the leaves of 'Meski' and 'Koroneiki'. This result supports the idea that sugars can play an active role in the process of osmotic adaptation under water stress (Chimenti et al. 2006 ).
The accumulation of mannitol is playing an important role in the growth and metabolism in tissue (Tattini et al. 1996) . Mannitol also limits the peroxidation of lipids and protects cells from plasmolysis (Shen et al. 1997) .
Also, sucrose and sorbitol increased under water stress and treatment with MeJA as compared with well watered plants in all soybean genotypes. These results are in accordance with Jie et al. (2010) who found that sorbitol and glucose concentrations in apple seedlings increased and were kept at a higher level during the drought stress period.
The increment in mannitol content in leaves could be related to an increased activity of the enzymes involved in the biosynthesis and catabolism of this sugar (Tattini et al. 1996) . Also Sickler et al. (2007) reported that mannitol can be considered not only as a compatible solute, but also as an antioxidant able to protect chloroplasts and allow higher photosynthetic rates under water and salt stress.
The results herein also revealed that foliar application of MeJA to all genotypes under stress stimulated the accumulation of total soluble sugars as compared to control plants. The increase in sugar concentration fraction may be a result from the degradation of starch (Fischer and Höll 1991) .
Conclusion
Foliar application of MeJA modulated several physiological responses, leading to improved resistance against water stress on soybean genotypes. MeJA enabled soybean plants to tolerate water stress by increasing secondary metabolites (phenolic and flavonoids compounds) and solutes (sugars). Our study therefore recommended using MeJA at the level of 20 lM to alleviate water stress in soybean plants. MeJA could be used as a potential growth regulator for improving plant growth under water stress. The soybean genotypes Giza 22 are found to be more resistant to water stress than Giza 35.
